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The insulin-like growth factors (IGFs) are well known mitogens, both in vivo and in vitro, while functions in cellular
differentiation have also been indicated. Here, we demonstrate a new role for the IGF pathway in regulating head formation
in Xenopus embryos. Both IGF-1 and IGF-2, along with their receptor IGF-1R, are expressed early during embryogenesis, and
the IGF-1R is present particularly in anterior and dorsal structures. Overexpression of IGF-1 leads to anterior expansion of
head neural tissue as well as formation of ectopic eyes and cement gland, while IGF-1 receptor depletion using antisense
morpholino oligonucleotides drastically reduces head structures. Furthermore, we demonstrate that IGF signaling exerts
this effect by antagonizing the activity of the Wnt signal transduction pathway in the early embryo, at the level of -catenin.
Thus, the IGF pathway is required for head formation during embryogenesis. © 2002 Elsevier Science (USA)
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Proliferation of a population of cells depends largely on
its environment, and in particular on the presence or
absence of growth factors. One class of growth factor
signaling that is essential for growth and development is
the insulin-like growth factor (IGF). The IGF family in-
cludes two secreted molecules (IGF-1 and IGF-2) that are
structurally similar to proinsulin and that signal by binding
to the IGF-1 receptor (IGF-1R). This IGF-1R is a heterotet-
rameric transmembrane protein composed of two  and two
 subunits, linked by disulfide bonds belonging to the
tyrosine kinase receptor superfamily. Ligands binding to
the extracellular  subunits triggers phosphorylation of the
transmembrane  subunits and stimulates their tyrosine
kinase activity, leading to the activation of two main
intracellular pathways: the Ras-Raf-MAPK pathway and the
PI3 kinase pathway (Jones and Clemmons, 1995).
Null mutation experiments using transgenic mice have
demonstrated that the IGF pathway controls overall growth
during intrauterine development. Mice lacking either IGF-1
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All rights reserved.or IGF-2 exhibit a significant growth retardation resulting
in a weight of about 60% of normal at the end of gestation
(Baker et al., 1993; DeChiara et al., 1990). Disruption of the
IGF-1R results in an even more severe phenotype and these
mice weigh 45% of normal, dying soon after birth from
respiratory failure (Baker et al., 1993). Interestingly, double-
mutant mice for IGF-1R and IGF-1 present the same phe-
notype as the IGF-1R null mutant, demonstrating that the
IGF-1R mediates all the effects of IGF-1 on fetal growth. In
contrast, the IGF-2/IGF-1R double knockout has more
severe growth retardation than the IGF-1R knockout, sug-
gesting that IGF-2 acts through another receptor in addition
to the IGF-1R. Studies where the various null mutants were
crossed have provided genetic evidence that it is the insulin
receptor that mediates IGF-2 effects on embryonic develop-
ment and it can partially compensate for the absence of the
IGF-1R (Louvi et al., 1997). Finally, mammals also have an
IGF-2 receptor (also called mannose-6-phosphate receptor)
that is structurally distinct from the IGF-1R but that binds
IGF-2 specifically and with high affinity. However, it has
been clearly demonstrated that IGF-2R does not transduce
intracellular signals but instead functions to inhibit IGF-2
growth promotion by targeting this ligand to lysozomes for
degradation (Filson et al., 1993). Hence, these genetic stud-
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ies in mice demonstrate the importance of IGF signaling in
prenatal growth and also underline the high degree of
complexity and redundancy of this system in mammals.
As well as a role in growth regulation, it has been shown
that IGFs are also able to promote differentiation of various
cell lines in vitro. For example, neurons, hematopoietic
cells, myoblasts, and osteoblasts can be induced to differ-
entiate after stimulation by IGF-1 or IGF-2 (Baserga and
Morrione, 1999). This paradoxical capacity of IGF to send
opposite signals to the cell to activate both a proliferation
and a differentiation program is particularly well exempli-
fied in experiments with 32D cells, a murine hematopoietic
cell line. In this cell line, the activation of IGF-1R is able to
induce both proliferation and differentiation, depending on
the availability of intracellular substrates (Valentinis et al.,
1999). Contrasting with these data, no major differentiation
defects have been detected in mice null for the different
components of the IGF system to date. However, the IGF
signaling system in mammals contains considerable redun-
dancy, which has limited the usefulness of knockout mice
for elucidating all the IGF signaling functions, and in
particular for investigating a potential role in early embry-
onic development, over and above its role in cell prolifera-
tion. This role for the IGF-1R in regulating the balance
between proliferation and differentiation suggests that IGF
signaling may play a complex role in embryogenesis by
modulating cell fate as well as overall growth. Thus, we
have investigated this further by using embryos of the frog
Xenopus laevis as a model system.
Here, we uncover a novel function for IGF signaling in
the regulation of head formation using gain- and loss-of-
function experiments in X. laevis embryos. IGF-1 overex-
pression enhances formation of anterior neural structures
and induces ectopic eyes and cement gland, while disrup-
tion of IGF-1R function blocks formation of the head. These
experiments demonstrate that IGF signaling is required for
establishment of head structures. Moreover, we show that
the IGF pathway controls head formation and regulates
anterior neuroectodermal fate by antagonizing Wnt signal-
ing at the level of -catenin.
FIG. 1. Expression of IGF signaling components during Xenopus
development. (A) RT-PCR analysis of IGF-1 and IGF-2 transcripts
throughout development. (B) RT-PCR analysis of IGF-1 expression
at early neurula stage (D, dorsal; V, ventral side of the embryo).
(C–G) IGF-1R mRNAs detected by in situ hybridization (bl, blas-
topore; he, head; cgp, cement gland primordium; cg, cement gland).
Expression is first detected at the end of the gastrulation (stage 12)
in the presumptive dorsal side of the embryo (C) but excluded from
the ventral part of the embryo (D). During neurulation, transcripts
are present in the head region and in the anterior mesoderm, but are
not detectable in the neural tube and the ventral part of the embryo
(E, frontal view; F, lateral view). At tailbud stage, transcripts are
present in the head and the anterior part of the neural tube (G).
FIG. 2. IGF-1 anteriorizes Xenopus embryos and induces ectopic
eyes. IGF-1 mRNA (1–3 ng per blastomere) was injected into one
dorsal blastomere (A–C, injected side at the right) or one ventral
blastomere (G, H) at the four-cell stage with or without nuclear
-galactosidase RNA (100 pg) as a lineage tracer. Dorsal injections
lead to an enlargement of the endogenous eye (A), ectopic eye-like
structures (B, C, arrows; E, F, sections; rpe, retinal pigment epithe-
lium; pr, photoreceptor labeled in dark blue by anti-rhodopsin
antibody; le, lens; light blue labeling, -galactosidase staining) and
a hyperplasia of the anterior neural tube (D, nt, notochord). Ventral
injection of IGF-1 induces ectopic cement gland (G, arrow; H,
section) that strongly expresses the lineage tracer -galactosidase.
408 Richard-Parpaillon et al.
© 2002 Elsevier Science (USA). All rights reserved.
MATERIALS AND METHODS
Plasmids Constructs and Morpholino
Oligonucleotides
xIGF-1 (Kajimoto and Rotwein, 1990) was expressed from the
pCS2 vector (Rupp et al., 1994; Turner and Weintraub, 1994).
xIGF-1R was isolated from a Xenopus oocyte II cDNA library
(Clontech) and subcloned into pSP64TBX (modified pSP64T). Syn-
thetic capped RNA was prepared by using the SP6 mMessage
mMachine kit (Ambion). Morpholino oligonucleotides were ob-
tained from Gene Tools, LLC (Corvallis) and resuspended in sterile
water: MoIGF-1R, 5-GCCTTCATGTCCACAAACAAGTCCC-3
(sequence corresponding to the start codon of the xIGF-1R is
underlined), Gene Tools control morpholino: MoC, 5-CCTCT-
TACCTCAGTTACAATTTATA-3.
Embryo Manipulation and Microinjection
In vitro fertilization and microinjection of X. laevis embryos
were performed as described previously (Ohnuma et al., 1999).
After injection, embryos were kept in 0.1 MBS and cultured until
they reached appropriate stages (Nieuwkoop and Faber, 1967). For
ectodermal explants assays, RNA were injected into both blas-
tomeres of a two-cell embryo. The explants were manually dis-
sected from stage 8 embryos and cultivated in 0.7 MBS. In some
cases, explants have been treated with recombinant activin for 3 h
as previously described (Philpott et al., 1997).
In Situ Hybridization Analysis
Embryos were fixed for 1 h in MEMFA and -galactosidase
activity was detected by using a standard protocol (Itoh et al.,
1995). Whole-mount in situ hybridization was performed according
to Shimamura et al. (1994).
Histology
Embryos injected with IGF-1 mRNA were fixed for 1 h in
MEMFA, dehydrated in ethanol and xylene, then embedded in
paraffin. Serial sections were cut at 12 m and stained with
hematoxylin/eosin. For immunocytochemical analysis, the sec-
tions were deparaffined and incubated with a rhodopsin-specific
antibody. Bound antibody was visualized by alkaline phosphatase-
conjugated secondary antibody and NBT/BCIP substrate (Boeh-
ringer Mannheim).
RT-PCR
Total RNA were extracted from tissue by using a guanidium-
thyocianate buffer, and RT-PCR was carried out in the exponential
phase of amplification. Primers used were: xIGF-1 (f, 5-TCGAAGA-
TCGCATCACAGAG-3; r, 5-CCTCGACTTCCTGTGTTTCC-3),
xIGF-2 (I.M.A.G.E. Consortium Clone ID 3397065) (f, 5-GAC-
CACGTTCAAAGGAGCTG-3; r, 5-CTGGAGCCGCACAGTA-
AGAC-3); ODC, MAC, N-CAM, and Otx-2 primers were accord-
ing to the Xenopus Molecular Marker Resource (XMMR), XAG
(Sive and Bradley, 1996), Pax-6 (http:/www.lifesci.ucla.edu/hhmi/
derobertis/index.html), Eng (Sasai et al., 1995), Krox-20 (Sasai et al.,
1995), XlHbox6 (Hemmati-Brivanlou and Melton, 1994), Siamois
(Agius et al., 2000), Xnr-3 (Agius et al., 2000).
IGF-1R Antibody Production and Western Blotting
IGF-1R antibodies were raised in rabbits against a synthetic
peptide (amino acids 367–565 of xIGF-1R) and affinity purified by
using a standard protocol (Beranger et al., 1991). Embryos were
lysed in MPF buffer (Cyert and Kirschner, 1988). Two embryos
FIG. 3. Overexpression of IGF-1 inhibits convergent-extension
movements. (A) Dorsal injections of IGF-1 mRNA (1–3 ng in one
dorsal blastomere at the 4-cell stage) lead to dorsally curved
embryos with truncated posterior tissue. (B) In the presence of
activin, control ectodermal explants derived from embryos injected
with -galactosidase RNA (1.5 ng/blastomere at the 2-cell stage)
elongate (left panel), but explants derived from IGF-1-injected
embryos (1.5 ng/blastomere) remain round (right panel).
FIG. 4. IGF-1 overexpression induces anterior neural markers
expression. Whole-mount in situ hybridization shows an expansion
of expression of Otx-2 (A, front view; B, lateral view; he, head),
NCAM (C), and Pax-6 (D) on the injected side (right side). (E)
RT-PCR analysis of ectodermal explants injected with IGF-1
mRNA shows that IGF-1 induces anterior markers (Co, uninjected
ectodermal explants; WE, whole embryo at tailbud stage; -, water
control).
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equivalent to the lysate were electrophoresed on a 8% SDS–
polyacrylamide gel, blotted, probed for IGF-1R, and visualized by
using SuperSignal West Pico (Pierce).
RESULTS
IGF Family Components Are Dynamically
Regulated during Development
The expression of IGF-1 and IGF-2 during development
was investigated by using RT-PCR to detect mRNA levels
(Fig. 1A). Only IGF-1 is present maternally, while both IGFs
are expressed zygotically after the midblastula transition
(MBT, stage 8). While expression is low and difficult to
detect by in situ hybridization, at least IGF-1 is present both
dorsally and ventrally at the beginning of the neurulation,
as determined by RT-PCR (Fig. 1B). A previous study has
shown that the IGF-1R, which mediates the signaling of the
two IGFs, is also encoded maternally and its expression
persists throughout early Xenopus development (Zhu et al.,
1998). While levels of transcripts are too low to be detected
by in situ hybridization before the end of gastrulation, the
IGF-1R is detected shortly after this throughout the dorsal
side and the stronger expression is observed in the most
anterior part of the embryo (Fig. 1C). IGF-1R transcripts are
not detected ventrally (Fig. 1D). As neurulation progresses,
IGF-1R is expressed in the head region, and particularly in
the area of the cement gland primordium (Fig. 1E). IGF-1R
transcripts are also present in anterior mesoderm, but are
excluded from the neural tube and from the most ventral
part of the embryo (Figs. 1E and 1F). Finally, by tailbud
stages, IGF-1R mRNAs are present only anteriorly, in the
head and the most rostral part of the neural tube (Fig. 1G).
IGF-1 mRNA Microinjection Promotes Formation
of Head Structures
To investigate the biological effects of IGF during early
development, we have microinjected embryos with mRNA
encoding IGF-1, the ligand with higher affinity for the
IGF-1R (De Meyts et al., 1994). Overexpression of IGF-1
does not cause generalized hyperplasia of tissue, as might be
expected from the studies on transgenic mice (Efstratiadis,
1998), and the induced phenotypes are very dependent of
the site of injection.
Embryos injected dorsally with IGF-1 mRNA exhibit an
overgrowth of head structures. A series of transverse sec-
tions of embryos, dorsally injected with IGF-1 mRNA,
show that the midbrain and hindbrain are frequently ex-
panded on the injected side (Fig. 2D), while the morpholo-
gies of the forebrain and of the neural tube are not affected
(data not shown). In addition to this, the injected embryos
display various striking phenotypic abnormalities of the
eye. When 1 or 2 ng of IGF-1 mRNA is injected dorsally, 38
(n  58) or 50% (n  44) of embryos, respectively, show
dramatic proximal eye defects, including a substantial over-
growth of the eye at the expense of surrounding tissues (Fig.
2A; and Table 1), a failure of the ventral eye fissure to close,
or an expansion of the retinal pigment epithelium (RPE)
toward the brain (data not shown). Moreover, embryos
frequently display ectopic eyes and eye-like structures
localized to the midbrain and hindbrain [9 (n  58) or 41%
(n  44) of embryos for 1 and 2 ng IGF-1 mRNA, respec-
tively] (Figs. 2B and 2C, arrows; Table 1). Histological
analysis of ectopic eyes reveals a normal retinal morphol-
ogy with well-differentiated cells, including morphologi-
cally distinct photoreceptors that are labeled with anti-
rhodopsin antibodies, and surrounded by an RPE (Fig. 2E). In
TABLE 1
IGF-1 mRNA Injection Phenotypes
Site
injected
Amount of
IGF-1 mRNA
injected per
blastomere (ng)
Truncated
axis (%)a
Ectopic eyelike
structure (%)b
Proximal eye
defects (%)c
Ectopic
CG (%)
Enlarged
CG (%)
Number of
embryos
D 1 14 9 38 2 2 58
D 2 52 41 50 0 13 44
D 3 67 47 53 0 14 43
V 1 0 0 5 13 19 61
V 2 0 0 5d 38 57 21
V 3 2 0 18d 25 61 44
Note. Xenopus embryos were injected into one blastomere (D, dorsal or V, ventral) at the four-cell stage.
a At least 75% of these embryos display eye-related phenotypes.
b Embryos with one or more roughly spherical patch of retinal pigmented epithelium associated or not with lens tissue. Several ectopic
eye structures have been histologically analyzed and present a layered retinal morphology.
c These defects include an overgrowth of the endogenous eye, an eye with an open ventral fissure, or an expansion of the RPE.
d The eye defects observed in these embryos correspond with abnormal morphology of the eye caused by the large overgrowth of the
endogenous cement gland.
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some extreme cases, these ectopic retinas are associated
with lens (Fig. 2F, as labeled). These results demonstrate
that dorsal IGF activation promotes formation of head
structures, including enlarged and ectopic eyes.
IGF-1 mRNA (2 ng) injected into a ventral blastomere at
the four-cell stage does not induce formation of ectopic
eyes, but instead results in an enlarged (57% of embryos) or
ectopic (38% of embryos, n  21) cement gland (Figs. 2G
and 2H; and Table 1). This organ is a nonneural mucus-
secreting organ that forms at the anterior part of the head
and it is also a useful marker of anterior ectodermal fate
since it is the most anterior structure specified by neural-
inducing signals (Sive and Bradley, 1996). Histological anal-
yses of these ectopic cement glands show that this tissue is
similar to endogenous cement gland, with a very character-
istic pseudostratified columnar epithelium and the pres-
ence of pigment granules (Fig. 2H).
Thus, IGF signaling can alter cell fate ventrally as well as
dorsally, once again inducing anterior head structures.
Moreover, the induction of these structures is cell-
autonomous since the ectopic tissues strongly express
nuclear -galactosidase, coinjected as a lineage tracer (Figs.
2E, 2F, and 2H: light blue labeling).
Overexpression of IGF-1 Affects Convergent
Extension Movements
Associated with these anteriorizing phenotypes, dorsal
IGF-1 overexpression causes a delayed mesoderm involu-
tion associated with an open blastopore in some of the
injected embryos. This gastrulation defect leads to dorsally
curved embryos with a severe shortening of the anteropos-
terior axis, and is dose-dependent [14% (n  58) and 52%
(n  44) of embryos injected with 1 and 2 ng of RNA,
respectively] (Figs. 2C and 3A; and Table 1). This phenotype
is reminiscent of the inhibition of axis extension obtained
by dorsal overexpression of various inhibitors of the Wnt
pathway, such as a dominant inhibitory form of Frizzled 8,
a secreted Wnt antagonist FrzA, and Naked Cuticle (Itoh
and Sokol, 1999; Xu et al., 1998; Zeng et al., 2000). This
inhibition of convergence-extension movements by IGF-1
is confirmed in ectodermal explants induced to form meso-
derm by activin (Fig. 3B): a strong inhibition of the elonga-
tion of ectodermal explants derived from blastula embryos
is observed after injection with IGF-1 (elongation in 15%,
n 51), compared with the -galactosidase-injected control
(elongation in 75%, n  52). Thus, dorsal IGF-1 overexpres-
sion is able to modulate morphogenetic movements, sug-
gesting a possible role of this pathway in the modulation of
Wnt signaling that regulates this process.
IGF-1 Misexpression Induces Anterior Neural
Markers
To further demonstrate that IGF-1 overexpression in-
duces anterior neural structures in the embryo, we have
performed whole-mount in situ hybridization to detect
mRNAs for NCAM, a pan-neural marker, Otx-2, a ho-
meobox gene essential for head development that is nor-
mally expressed in the anterior brain and developing eye
anlage (Acampora et al., 2000), and Pax-6, an eye marker
(Hirsch and Harris, 1997). IGF-1 overexpression leads to a
large expansion of expression of these three genes (Figs.
4A–4D). Moreover strikingly, IGF-1 can induce Otx-2 ex-
pression even outside of the head region (Fig. 4B, arrow).
Taken together, these results are a clear indication that IGF
signaling promotes formation of embryonic head struc-
tures, and in particular, those of neural origin.
Finally, to further characterize IGF-1 activity and to
check whether IGF-1 is able to promote anterior neural fate
in the absence of any other inductive contributions, we
have analyzed the effect of upregulation of IGF-1 activity in
naı¨ve ectodermal explants (Fig. 4E). IGF-1 mRNA was
injected into the animal-pole region of two-cell embryos
and ectodermal explants isolated at the blastula stage.
RT-PCR analysis of these explants showed that injection of
IGF-1 mRNA strongly induces a cement-gland marker
(XAG). At higher doses, IGF-1 is also able to upregulate
reproducibly a marker of the early eye field (Pax-6) as well
as Otx-2. However, IGF-1 is unable to consistently upregu-
late the pan-neural marker NCAM, although weak NCAM
expression is sometimes observed for higher doses of IGF-1
mRNA (data not shown). Interestingly, at this dose
of IGF-1, ectodermal explants also developed well-
differentiated cement glands (data not shown). These data
indicate that IGF-1 specifically induces anterior fate rather
that giving generalized neural induction. Confirming this,
posterior markers of the neural tube (Engrailed, midbrain–
hindbrain junction; Krox-20, hindbrain; XlHbox-6, spinal
chord) are not induced by IGF-1, nor are mesodermal mark-
ers such muscle actin (MAC).
Activation of the IGF-1R Is Essential for
Embryonic Head Formation
To determine whether IGF signaling is necessary for
establishment of anterior head structures in the early em-
bryo, we have taken an antisense approach by using mor-
pholino oligonucleotides (Mo) (Heasman et al., 2000) to
inhibit the translation of the IGF-1R during early Xenopus
development. Western blot analysis demonstrates that
IGF-1R protein is efficiently depleted in Mo-injected em-
bryos compared with noninjected embryos or embryos
injected with a control nonspecific Mo (Fig. 5A). Whole-
mount in situ hybridization analysis performed on embryos
injected with MoIGF-1R dorsally into one blastomere of a
four-cell embryo indicates that, while embryos injected
with control Mo show normal expression (Fig. 5C), XBF-1
expression (a marker of the telencephalic primordium) is
strongly reduced on the injected side at the beginning of
neurulation (Fig. 5B). This demonstrates an early inhibition
of formation of head structures. The expression pattern of
NCAM is also disrupted and reduced anteriorly in MoIGF-
1R-injected embryos (Fig. 5D, and Fig. 5E, control).
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Moreover, injection of MoIGF-1R in the two dorsal blas-
tomeres of four-cell-stage embryos reproducibly leads to
posteriorized embryos (Fig. 5F), while injection of the con-
trol nonspecific Mo does not induce any detectable pheno-
type (Fig. 5G). The phenotype induced by the depletion of
the IGF-1R is strikingly similar to the deletion of anterior
structures obtained by zygotic overexpression of Xwnt-8
(Christian and Moon, 1993). Specifically, MoIGF-1R-
injected embryos display microcephaly, frequently missing
anterior head structures with small or no apparent eyes
(79% with reduced head and highly reduced or absent eyes,
n  88). These phenotypes are at least partially rescued by
the injection of 0.3 ng of IGF-1R mRNA (32% with reduced
heads and highly reduced or absent eyes, n  88), confirm-
ing the specificity of this antisense strategy (Fig. 5H).
Phenotypes resulting from loss of IGF signaling by morpho-
lino depletion of the receptor, combined with those ob-
tained from IGF-1 overexpression, clearly demonstrate that
IGF signaling is required for normal head development.
Furthermore, this antisense study shows that IGF-1 func-
tions in head induction by acting specifically through the
IGF-1R and not via other receptors such as the insulin
receptor.
IGF Signaling Inhibits the Wnt Pathway
Known pathways of IGF signaling that have been de-
scribed to control cell proliferation do not explain the novel
role in head formation demonstrated here. However, the
phenotypes obtained by overexpressing IGF-1 are strikingly
reminiscent of those generated by overexpression of several
Wnt inhibitors, such as Cerberus or Dickkopf, that are
known to function as head inducers (Bouwmeester et al.,
1996; Glinka et al., 1998). It has been shown in Xenopus
embryos that head formation requires the simultaneous
inhibition of Wnt and bone morphogenetic protein (BMP)
signaling: BMP inhibitors are required to form the trunk
structures, while the additional inhibition of Wnt signaling
induces head (Glinka et al., 1997). We have thus investi-
gated whether IGF-1 promotes head development by inhib-
iting Wnt signaling during Xenopus embryogenesis. First,
we have determined whether overexpression of IGF-1 in-
hibits induction of two direct target genes of the Wnt
pathway, Siamois and Xnr-3 (Carnac et al., 1996; Smith et
FIG. 5. IGF signaling is required for head formation. (A) Western
blot analysis of IGF-1R expression in embryos at late blastula stage
(stage 9) injected with Mo (20 ng per blastomere at the two-cell
stage) specific to the receptor (MoIGF-1R) or control Mo (MoC) (Co,
noninjected embryo). -Tubulin is shown as a loading control. (B–E)
Whole-mount in situ hybridization analysis of embryos injected in
one dorsal blastomere at the four-cell stage with 20 ng of MoIGF-1R
shows a strong inhibition of XBF-1 expression (B, embryo stage 13)
and NCAM expression (D, embryo stage 19) on the injected side
(right). The expression patterns of these two genes are normal in
MoC-injected embryos (C, XBF-1; E, NCAM). (F–H) Four-cell
embryos were injected in the two dorsal blastomeres with 20 ng of
the Mo indicated. The embryo injected with MoIGF-1R shows
microcephaly and no apparent eyes (F), whereas the embryos
injected with MoC are normal (G). The coinjection of 0.3 ng of
IGF-1R mRNA with MoIGF-1R rescues the morpholino-induced
phenotype (H).
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al., 1995), in ectodermal explants. Injection of IGF-1 RNA
substantially and reproducibly inhibits the induction of
these two genes by several components of the Wnt path-
way, including Wnt-8, a dominant-negative GSK-3 (DN-
GSK) and -catenin (Fig. 6A). However, IGF-1 fails to block
activation of Wnt target genes by VP16 Tcf-3 (Vonica et al.,
2000), a constitutively active form of the transcription
factor Tcf-3 which no longer requires -catenin for activity.
Furthermore, we have also verified that the upregulation of
Goosecoid by Siamois is not affected by IGF-1 (data not
shown). These data clearly indicate that IGF-1 effectively
inhibits Wnt signaling, and acts between -catenin and
Tcf-3, which transduce Wnt signals into the nucleus.
To confirm that IGF signaling acts directly on -catenin
activity, we have also analyzed the effect of IGF-1 on the
transcriptional activity of the -catenin/TCF complex by
using a luciferase reporter construct containing multimeric
TCF-binding sites (Korinek et al., 1997). IGF-1 strongly
inhibits the -catenin-mediated activation of this promoter
(Fig. 6B), confirming that IGF-1 negatively regulates the
Wnt pathway by directly preventing the -catenin/Tcf
complex from upregulating transcription of Wnt-target
genes.
IGF Misexpression Inhibits Wnt-Mediated
Posteriorization of Whole Embryos
Anteroposterior patterning in whole embryos is regulated
by Wnt signaling after the MBT, and Wnt overexpression
promotes posteriorization at this time (Christian and
Moon, 1993). Therefore, we have verified that IGF-1 can
also inhibit this late Wnt signaling. The expression of
Wnt-8 after MBT, as obtained by injection of plasmid DNA
pCSKA-X8, leads to posteriorized embryos lacking both
eyes and cement gland (83%, n  77; Fig. 7A, upper panel).
The coinjection of IGF-1 with pCSKA-X8 restores eyes
(87%) and cement gland formation (65%) in the majority of
these embryos (n 72) (Fig. 7A, lower panel). Thus, IGF-1 is
able to inhibit post-MBT Wnt signaling in whole embryos.
Finally, the hallmark of Wnt inhibitors is their ability to
induce ectopic heads when coinjected with BMP antago-
nists (Glinka et al., 1997, 1998). Coinjection of IGF-1
mRNA with dominant-negative BMP receptor (tBR) mRNA
effectively induces an ectopic head (23%, n  46; Fig. 7B,
lower panel), while tBR alone is unable to do so (0%, n 44;
Fig. 7B, upper panel). These data clearly demonstrate that
IGF-1 is indeed involved in head formation by antagonizing
the posteriorizing action of Wnt after the MBT.
DISCUSSION
IGF Signaling Promotes Formation of Anterior
Neural Structures
In addition to its known role in growth control, we
demonstrate here a novel role for the IGF pathway in
FIG. 6. IGF-1 inhibits Wnt signaling in ectodermal explants. (A)
IGF-1 mRNA (1.5 ng per blastomere) inhibits induction of Siamois
and Xnr-3 by Wnt-8 (10 pg per blastomere), DN-GSK (150 pg per
blastomere), and -catenin (50 pg per blastomere) in ectodermal
explants by stage 10.5, but fails to block activation of Wnt target
genes by VP16 Tcf-3 (50 pg per blastomere). (B) IGF-1 mRNA (1.5 ng
per blastomere) inhibits the transcriptional activity of the
-catenin/Tcf complex. Embryos were injected at the two-cell stage
along with the luciferase reporter plasmid (TOPFLASH) and RNAs
as indicated (IGF-1 mRNA, 1.5 ng per blastomere; -catenin
mRNA, 50 pg per blastomere). Embryos were collected at stage 10.5
in pools of five embryos and assayed for luciferase expression in
triplicate.
FIG. 7. IGF-1 inhibits Wnt-posteriorizing activity after MBT. (A)
Injection of IGF-1 mRNAs (1.5 ng per dorsal blastomere, four-cell
stage) rescues posteriorization induced by injection of CSKA-X8
plasmid (75 pg per blastomere). (B) Coinjection of IGF-1 mRNA (2
ng) with tBR mRNA (0.5 ng) into one ventral blastomere at the
four-cell stage induces an ectopic head with a visible eye (arrow),
unlike tBR mRNA alone which induces only a partial axis with no
head structures (arrow).
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regulating anteroposterior patterning in a vertebrate and
specifically in formation of the head. We show that IGF-1
overexpression induces an overgrowth of forebrain tissue
and promotes formation of well-differentiated head struc-
tures, including ectopic eyes and cement glands. This
activity of IGF-1 is cell-autonomous, as shown by coinjec-
tion of -galactosidase as a marker in whole embryos and
also by the capacity of IGF-1 to induce anterior neural
markers in naı¨ve ectoderm. Moreover, a disruption of
IGF-1R function blocks formation of the head, thus dem-
onstrating a requirement for IGF-1 signaling in head for-
mation. Finally, we show that IGF-1 acts as a negative
regulator of the Wnt pathway acting between -catenin
and Tcf-3.
Whereas the role of IGF signaling in embryonic growth
has been well documented in murine models, previous in
vivo evidence for a role of IGF in the modulation of cell fate
during early development is much more limited. The most
obvious phenotype in mice null for IGF-1R or IGF-1 is a
substantial decrease in overall intrauterine growth, but it is
also interesting to note that these mice exhibit a decrease in
myelination, a reduction in populations of specific neurons
(Beck et al., 1995), and greatly reduced neurite outgrowth
(Baker et al., 1993). Nevertheless, the lack of major abnor-
malities of differentiation in these knockout mice is sur-
prising when considering results from cell lines and our
finding described here. The difference between the murine
and Xenopus systems strongly suggests that the redundancy
of the IGF signaling components in mouse may mask some
embryonic functions of IGF during early development,
most particularly in development of the head. Differences
between the mouse and frog models have been observed
previously, for instance, in the study of the Xenopus cerbe-
rus gene and its homologue in the mouse Cer-l. While
overexpression of cerberus in Xenopus embryos induces
ectopic heads formation (Bouwmeester et al., 1996), head
formation is absolutely normal in mice null for Cer-l (Belo
et al., 2000; Shawlot et al., 2000). These data, along with
our study, indicate that the pathway that regulates anterior
identity in vertebrates is subject to much greater functional
redundancy in mice compared with frogs.
IGF Signaling Is Required for Head Formation
In vertebrates, the formation of the anteroposterior axis
gives rise to the formation of two individual regions: the
head and the trunk. The Spemann organizer (lying directly
above the dorsal blastopore lip in Xenopus) plays a crucial
role in this regionalization of the embryo. During gastrula-
tion, cells of the organizer involute progressively, and
classical experiments by Mangold (1933) have demon-
strated that the earliest cells of the organizer to involute
induce head structures, while cells of the lip that involute
latter induce trunk structures. These results suggest the
existence of distinct head and trunk inducer regions, which
secrete different inducing signals. Indeed, recent data have
demonstrated that trunk induction requires a Wnt activity
and inhibition of BMP signaling, while head induction
results from the double inhibition of Wnt and BMP signal-
ing (Glinka et al., 1997). This observation has been con-
firmed by the discovery that the organizer secretes potent
Wnt inhibitors, such as Cerberus (Bouwmeester et al., 1996)
or Dickkopf (Glinka et al., 1998). Here, we show that IGF
signaling is also able to promote formation of head struc-
tures, and moreover, that a functional IGF-1R is required for
the normal formation of the head. At the end of gastrula-
tion, IGF-1R mRNA is expressed across the entire dorsal
region, with the highest expression anteriorly. The pheno-
types obtained in our gain- and loss-of-function studies,
together with the graded expression of the receptor along
the anteroposterior axis, strongly suggest that the IGF-1R
could be one of the key players which cooperates with other
Wnt inhibitors to establish the necessary anteroposterior
gradient of Wnt activity involved in the establishment and
maintenance of the anterior neural tube (Kiecker and
Niehrs, 2001). The striking property of IGF-1 in promoting
anterior neural fate, and particularly its ability to induce
well-differentiated eyes, is reminiscent of recent studies on
the eyeless phenotype of zebrafish masterblind mutant,
which established that Wnt signaling must be suppressed to
allow proper formation of the telencephalon and the eyes
(Heisenberg et al., 2001; van de Water et al., 2001).
While this work was in the final stages of preparation,
another study was published by Pera et al. (2001), which
broadly confirms our findings that IGF signaling is required
for head formation and is a potent inhibitor of the Wnt
pathway. However, there are significant differences be-
tween the two papers. Pera et al. (2001) report a very faint
expression of IGF-1R at neurula stage. Here, by using a
different protocol for the whole-mount in situ hybridization
analysis (Shimamura et al., 1994), we are able to show a
clear expression of IGF-1R at late gastrula, neurula, and
tailbud stages. The strong anterior expression of IGF-1R
during neurulation that we demonstrate supports a role for
IGF signalling in head induction. In contrast to our study,
Pera et al. (2001) showed induction of the pan-neural
marker NCAM in ectodermal explants injected with IGF-2,
another ligand of the IGF family, whereas we have found
that IGF-1 is only able to induce this marker in ectodermal
explants very weakly. More strikingly, Pera et al. (2001)
show that a ventral injection of IGF-2 induces whole
ectopic heads in 7% of injected embryos. We do not see
induction of whole heads, even at the highest doses with
IGF-1. The comparison between these two studies may
indicate that different ligands may fine-tune IGF-1R activ-
ity in order to pattern the anterior neural tube. Another
example of this is that overexpression of IGF-1 and IGF-2 is
able to induce well-differentiated eyes (this study; and Pera
et al., 2001), whereas IGF-3 (a novel ligand of the IGF
family) has no such effect (Pera et al., 2001). However, it
should also be noted that, in our study, we have microin-
jected an IGF-1 mRNA that encodes the native pro-IGF-1,
whereas Pera et al. (2001) have used an IGF-2 clone that had
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been engineered to produce a ready-cleaved form. It is likely
that this ready-cleaved form is more active than our native
form. Indeed, as IGF molecules are synthesized as inactive
propeptides that are converted to a mature active form by
endoproteolysis (Duguay et al., 1997), the difference be-
tween our findings and Pera’s study may underline the
importance of IGF cleavage as a regulatory mechanism for
IGF activity in head formation.
Crossregulation between IGF and Wnt Signaling
Wnt signaling is involved in numerous developmental
processes, such as dorsal axis formation, patterning of the
central nervous system, and establishment of cell polarity
(Cadigan and Nusse, 1997; Rocheleau et al., 1997; Torres et
al., 1996). The pathway is tightly regulated during embryo-
genesis and it is becoming increasingly clear that crossregu-
lation between Wnt and other signaling pathways contrib-
utes to the complexity and specificity of Wnt activity. For
example, retinoid signaling and a specific MAP kinase
pathway (TAK/NLK) can both inhibit Wnt activity (Ishitani
et al., 1999; Easwaran et al., 1999). However, previous
evidence for an interaction between the IGF and the Wnt
pathways is limited. Andre et al. (1999) have demonstrated
that IGF-1 stimulation induces a rapid tyrosine-
phosphorylation of -catenin in a cell line derived from a
human colonic adenocarcinoma. It has also been shown
that the phosphorylation of -catenin induced by IGF-1
leads to a dissociation of the pool of -catenin, which is
bound to E-cadherin at the plasma membrane resulting in
its relocation to the cytoplasm (Playford et al., 2000).
However, despite this accumulation of cytoplasmic
-catenin, no enhancement of Wnt activity was observed
after stimulation by IGF-1 alone, as determined by using
the Wnt-responsive luciferase reporter construct TOP-
FLASH. Recent structural studies might provide an expla-
nation for this paradox. It has been shown that the charged
residues involved in this interaction between -catenin/E-
cadherin are the same as those required for the -catenin/
TCF interaction (Graham et al., 2000; Huber and Weis,
2001). Thus, this raises the interesting possibility that
tyrosine-phosphorylation of -catenin, which blocks its
association with E-cadherin may also prevent interaction
between this molecule and its downstream effector Tcf.
This is a potential point at which IGF signaling may inhibit
the Wnt pathway. In the future, it will be interesting to
investigate this hypothesis further, and also to determine
whether the PI3K or the MAPK activated by IGF-1R may be
involved in this process.
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